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The cumulative sum spectroscopy method is used to derive internal energy distributions for the fluorescing NO2
ensembles from ClNO2 and H O N 0 2photodissociations as a function of the photolysis wavelength. The fluorescing
NO2 ensemble internal energy distribution, NO2* P(Eht), for ClNO2 evolves from distributions peaked at
25 130 cm-1 to those having a majority of the NO2* components with internal energies less than 15 000 cm-l
as the energy available to the photofragments decreases from 30 000 to 20 000 cm-l. The NO2* P(Eint)
distributions derived for HONO2 are dominated by components with energies less than 15 000 cm-1, and only
for photolysis wavelengths shorter than 255 nm do the distributions have significant contributions from NOz*
components approaching the maximum available energy. The PIF P(Eint) derived from 308-nm ClNO2
photodissociation is compared to theP(ET) distribution derived from time-of-flight experiments, and the HON02
PIF P(Eint)distributions are compared to energy-partitioning measurements made after 241- and 280-nm
photolysis. Examination of the ClNO2 and HON02 absorption spectra in conjunction with the observed energy
partitioning and theoretical calculations demonstrates that the R group perturbation on the local Cb symmetry
of the NO2 chromophore determines that differences between ClNO2 and HON02 photolysis.

Introduction
The present study continues a series of reports from this
laboratoryevaluatingthe internal energy population distributions
of fluorescingNO2 ensembles,N02* P(Ebt),produced by various
chemical and physical pr0Cesses.l In addition to a detailed
derivationof the method, ref 1also provides an exampleapplication
of this method to the analysis of the N02* ensemble created in
the 248.5-nm photodissociation of ClNO2, and its Figure 18
gives insight as to the features that may underly the broad internal
energy distributions presented in this article. We have since
expanded the scope of our R-NO2 photodissociation studies to
include ClN02, HON02, CH3NO2, and N204 as well as tunability
of the excitation wavelength. Below, we present the NO2*
populations derived from variable-wavelength photodissociation
of HON02 and C1N02.
The photochemistry of nitric acid is based on its broad,
structureless UV absorption continuum having maxima at 200
cm2)and 270 nm (a = 1 X
cm2).2Figure
nm (a = 1 X
1 displays the 230-280-nm portion of this spectrum. Johnston,
Chang, and Whittens measured unit quantum yield for the
production of NO2 from HONOz photodissocation between 200
and 300 nm. Jolly et aL4measured a 0.89 f 0.08 OH quantum
yield at 222 nm and inferred an identical NO2 production. Nelson,
Schiffman, and Nesbitts determined r$(OH) = 0.42 at 193.3 nm
and0.8-1.0at 248.5 nmusing MrareddetectionoftheOH radical.
In an interesting study, Suto and Lee6 measured the HONO2
cross sections for absorption and NO2 fluorescence and found
that the quantum yield for NO2* emission rises nearly linearly
from a value of 0.1% at 180 nm to a value of 0.35% at 200 nm.
The corresponding cross section for N02* production peaks at
195 nm (a(N02*) = 4 X 10-20 cm2 molecule-1) and is less than
1 X 10-M cm2 molecule-' at 220 nm.
There are two important HONOl photodissociation studies
using near-UV wavelengths. Crim and co-workers7 employed a
sequential two-color vibrationally mediated photodissociation
(VMP) via the third OH stretching overtone in HONO2 (755nm overtone excitation + 355 nm photolysis) and an isoenergetic
single photon excitation at 241 nm with LIF detection of the OH
Abstract published in Adounce ACS Absrrucrs, October 1, 1993.
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Figure 1. HONO2 absorption cross sections between 230 and 280 nm
(ref 2).

fragment. They infer that the NO2 fragment has about 21 000
cm-1 of internal energy after single photon dissociation but only
19 500 cm-l after VMP from the scalar properties of the OH LIF
measurements. They also detected NO2* fluorescence during
each process. August et a1.*used OH LIF probing to investigate
the 280-nm HONO2 photodissociation. Their energy partitioning
results infer that the NO2 fragments have a Gaussian distribution
of internal energies with a mean value of 12 590 cm-1 and a fwhm
of 6570 cm-I. Using the vector properties of their LIF results,
these authors also determined that the 280-nm transition is
accompanied by a pyramidal transformation of the HONO2
molecule from its planar equilibrium geometry.
Bai and Sega19 have used large-scale ab initio configuration
interaction calculationsto determine the potential energy surfaces
corresponding to the four lowest singlet states of HONO2 along
the dissociation paths correlating to OH (211) and NO2 in its X
2Aland A 2B2states. The results of this calculation are illustrated
in Figure 2. One can see from the extrapolation of the potential
surfaces in Figure 2 that the two lowest HONO2 surfacescorrelate
to N02(2A1) while the 2'A" (and the unshown 2'A') surface
correlates to N02(2B2) products. These calculations verify the
0 1993 American Chemical Society
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distributionisdistinctlybimodaland that the248.5-nmPIFP(Ebt)
displayed the correct qualitative features of the NO2* portion of
the distribution (12000 cm-l < Eint < 25 130 cm-1). The
bimodality of the P(&) was attributed to a branching of the
dissociation pathway into channels correlating ground-state and
electronically excited NO2 products.
This study is principally concerned with determining the
dependence of N02* P(Eht)distributions on the photoexcitation
energy, hv. We also wish to understand how the NO2* P(Eht)
values evolve as the available energy, 6 = hv - Do(R-N02),
approachesthe 25 130-cm-l N02predissociation limit and if there
are any noticeable transformations in P(Eh,) when 6 =&(NO2).
Additionally, we can control hv to generate ClNO2 and HON02
dissociations having nearly equivalent available energy and
appraise the influence of the R fragment on energy partitioning.
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Figure 2. Ab initio HONO2 potential energy surfaces (ref 7). 1IA' and
1'A" correlate to N02(2A~);2lA" correlates to NOZ(~BZ).
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Figure 3. ClNOz absorption cross sections between 230 and 3 10 nm (ref
16).

conclusion of August et a1.* that 280-nm excitation of HON02
awes%% an electronic transition of A' symmetry and that the
transitionis promoted primarily by a vibronic mechanism involving
pyramidal distortion of the HONO2 molecule. The vertical
transition energies and oscillator strengths from this calculation
are in good agreement with the experimentalabsorptionspectrum
and indicate that the HONO2 absorptions in the 230-280-nm
range contain transitions only to the A 1lA''and B 2lA"surfaces.
Transitions to the C 21A' surface are not energetically possible
over this range.
Despite the fact that ClNO2 is isovalent to HONO2, there
have been relatively few investigations of its photochemistry
reported in the literature. The ClN02 UV absorption spectrum,lOJ1illustrated over the 230-310-nm range in Figure 3, is
more intense and extends to longer wavelengthsthan the HONO2
spectrum. Additionally, the ClNO2 spectrumdisplays three broad
maxima, 190 nm (a= 5 X lo-''), 225 nm (u = 5 X lo-'*), and
cm2molecule-'), rather than two maxima
300 nm (a = 2 X
as found for HON02. Nelson11 measured the CI and 0 atom
quantum yields for 355-nm ClNOz photolysis and found # ( a )
-0.93 f 0.15 andt$(O) < 0.02. Oh12andSiskl3haveinvestigated
the ClN02 photodissociation at 193.3, 248.5, and 266 nm at
room temperature and in a supersonically cooled molecular jet.
The results of these studies suggest that the N02* P(Ein,)
distributions from 193.3- and 248.5-nm photodissociations are
peaked at 25 130cm-l and decrease to one-fourth their maximum
value for components having 12 500 cm-1 of internal energy.
The 266-nm N02* P(Eh,) was found to peak near 22 000 cm-1
and to have a nearly Gaussian contour. Covinsky14derived P(&)
distributionsfor the 248.5- and 308-nm CIN02 photodissociations
from time-of-flight measurements. P&) showed that the NO2

-

Experimental Section
Experiments were conducted with the PIF/collisional deactivationcell configurationand collection optics illustratedin Figure
3 of ref 1. We discuss here only the features that differ from
those of ref 1. The R-NOz sample gas flowed through a Pyrex
cell at pressures between 10 and 200 mTorr. Pressures are
regulated by placing the sample in a low-temperature bath (0 to
-30 OC, variable, Neslab cryogenic cooling unit) and controlling
the sampleflow rate into the photolysis cell. The photodissociation
laser passes through two collinear windows, which are mounted
at Brewster's angle to minimize scattering of the laser light. The
collection window is orthogonal to the other two and opposite a
large Wood's horn to further suppress the collection of scattered
light.
The tunable light used in these experiments is generated from
an excimer pumped dye laser system (Questek 2220 excimer
pumping a Lumonics HyperDye 300 dye laser) and produces
visible light with a bandwidth of 0.1 cm-'. The frequency of the
dye laser is harmonically doubled using a BBO nonlinear mixing
crystal (CSK Industries). The visible and UV frequencies are
separated using a commercial unit (Lumonics HyperTrak HT1000). The UV output of this system was typically 1-2 mJ/
pulse (- 10%conversion efficiency) and had an ellipsoidal beam
shape measuring roughly 1 mm X 3 mm. The laser system duty
cycle was 20 Hz. The excimer laser alone was used as the light
source with KrF gas mixtures for the 248.5-nm HONO2
experiments and XeCl mixes to obtain the 308-nm CIN02 PIF
spectra.
Figures 1 and 3 show that the HON02 and ClNO2 absorption
cross sections decrease with increasing wavelength. The N02*
PIF signals we observed were roughly proportional to the value
of the absorption cross sections, although it appeared in some
cases that the total N02* signal was decreasing faster than the
absorption cross sections indicated. Therefore, we found it
necessary to employ larger samplepressures and longer gate widths
to compensate for the decreasing yield of N02* signal as the
photodissociation wavelength was increased.
Anhydrous HONO2 was synthesized using established procedures.'6 About 10g of pulverized KNO3 was added to 250 mL
of 95% HzS04(Fischer) in a 500-mL round-bottom'flask. The
acid mixture was stirred vigorously and heated slightly above
room temperature ( 3 5 4 0 "C). The reaction is initiated by
subjecting the contents to a slight vacuum. A noticeable frothing
of the reaction mixture signals HON02 production. HONO2
evolves from the reaction mixture and is collected in a -40 OC
cold trap. Care must be taken not to heat the reaction mixture
to temperatures above 40 "C to avoid distilling water and H2SO4
into the collection trap. The reaction expires after 20-30 min.
The pure HONO2 contained in the collection trap is stored at 77
K and in the dark until required. Great caution must be exercised
when handling pure HONO2 because it is highly corrosive.
Therefore, the amount of stainless steel in the sample introduction
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line was always minimized prior to HONOz experiments. When
NaNO3 is used in this synthesis, it also generates gaseous N02,
making it an inappropriate substitute for KNOs.
ClNO2 was synthesized using the procedures outlined by
Nelson.17 Anhydrous HCl (Matheson) was streamed over a 196
K cold trap (dry ice/acetone) to remove any traces of water or
other volatile impurities. The HCl then passed through a porous
glass frit into a vigorously stirring mixture of 25 mL of 90%
HONOz (Baker), 60 mL of 95% H2S04 (Fischer), and 70 mL
of fuming H2S04(30% SO3,Fischer). TheClN02 evolving above
the stirring mixture was collected in a second 196 K trap, while
the noncondensing gases were discarded. A CaSO, scrubber
prevented water vapor from backstreaming into the trapcontaining
the raw ClNO2 product. The reaction was carried out at ambient
pressure inside a fume hood. The flow rate of HCl was regulated
to maintain a positive pressure inside the apparatus and to ensure
adequate mixing in the acid solution. The reaction was continued
until about 8-10 mL of product had been obtained.
The unrefined ClN02 product was separated from other
reaction products (ClNO, Cl2) by fractional distillation on a
standard vacuum line. The unprocessed product mixture was
placed in a 175K liquid nitrogen/methanol slush, and the sample
was drawn through a 77 K (liquid nitrogen) collection trap. The
initial 3-mL fraction is discarded due to high Cl2 impurity, the
middle third is kept for experiments,and the remnants in the 175
K trap are discarded due to NO2 contaminants. After fractionation, the refined ClNO2 was still a pale yellow, but it had lost
the greenish tint that characterized the raw product; there is a
slight C12 impurity that is virtually impossible to remove due to
the similar temperature dependencies of Clz and ClNO2 vapor
pressures. The samples used in this study were estimated to be
90% ClNO2 based on comparisons of absorption cross sections
with literaturevalues.&1° Samples were stored at 77 K when not
in use to avoid thermal decomposition. Nelson17 provides an
excellent discussion of the reaction mechanism and the potential
problems encounteredin the synthesisand purification procedures.
RHdb
Individual PIF spectra averaging 200 laser shots per point
were corrected for the optical system's spectral sensitivity and
accumulated into single files for analysis. The accumulated PIF
spectrum represents between 600 and 1200 laser shots averaged
per point, depending on the specific experiment. These spectra
were then analyzed using thecumulative sumspectroscopymethod
and weighing functions.'
Preliminary data analysis revealed that the small noise levels
recorded in those experiments that had fluorescence thresholds
0 (0 = hv - Do(R-NO2) inside the observation region (25 130
> 0 > 12 500 cm-I) were corrupting the parameter optimization
algorithm by generating nonzero contributions to the cumulative
fluorescence at energies above 0. We addressed this problem by
manually zeroing all fluorescence intensity elements having
energies above 0. This procedure eliminates fluorescence
contributions from physically inaccessible energies. Optimized
parameter sets for the CSS weighting functions were subsequently
determined for these edited data.
The Gaussian weighting function presented in eq 19 of ref 1
was modified slightly to incorporate the possibility of 0 values
less than 25 130 cm-1. The parameter M was introduced as a
boundary marker. Populationcomponentshaving energies greater
than M identically equal zero. Population components having
energies less than M remain unaffected. This modification enables
the CSS optimization algorithms to seek the best set of fitting
parameters without being penalized for calculating contributions
to the cumulative fluorescence at energies above 0.
A. HONO2. The upper panel in Figure 4 shows a typical
HONO2 PIF spectrum; the correspondingcumulative sum is given
in the lower panel. The photolysis wavelength in this experiment
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Figure 4. (A) Observed dispersed N02*fluorescencefrom photolysis of
HONOz at 248.5 nm. (B)Cumulative sum of the data in A.
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Figure 5. Cumulative sums of HONOz photolysis-induced fluorescence
at six wavelengths between 235 and 280 nm (compare Figure 4).

is 248.5 nm and 0 = hu- Do(HO-NO2) = 23 470 cm-I. The PIF
spectrum in Figure 4a shows that there are fluorescence
components extending up to 0 but that the majority of the NO**
emission is concentrated at lower energies. According to Figure
4b, 90% of the observed fluorescence occurs at energies below
17 OOO cm-1. We recall that the NO2* PIF spectrum reflects the
Franck-Condon factors of each monoenergetic emission profile
as well as the population distribution of those monoenergetic
NO2* components, yet the lack of substantial fluorescence
intensity until energies 6000 cm-' less than 0 suggests that the
NO2* P(&J is also concentrated at energies significantly lower
than 0.
Cumulative sums for HONO2 PIF spectra, spanning the range
of photolysis wavelengths used in this study, are presented in
Figure 5 . Since we normalized each PIF spectrum for its total
observed fluorescence, all of the curves in Figure 5 terminate
with a value of unity at the low-energy observation limit.
Systematic trends in the PIF spectra are readily apparent when
the data are plotted in this fashion. The curve associated with
the 235-nm HONO2 PIF spectrum is denoted by the solid line
in Figure 5 and is the one which has the largest value of the
cumulative sum intensity at every observation energy. This
HONOz photodissociationis also the one which leaves the largest
amount of energy available to the OH and NO1 fragments: 0
= 26055 cm-1. The cumulative sums demonstrate that an
increasing proportion of the overall fluorescence intensity is
concentrated at energiesbelow 15 000 cm-I with each subsequent
increase in the photolysis wavelength. The 280-nm HONO2
photodissociation leaves the fragments with the least energy (0
= 19 2 15cm-1) and represents the least energeticof the cumulative
sums. Figure 5 shows that this PIF spectrum has negligible
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Figm 6. Three-dimensional projection of relative internal energy
distribution (internal energy between 12 OOO and 25 OOO cm-l) of N02*
following photolysis of HON02 between 280 and 255 nm.
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Figure 8. Selected internal energy distributionsfrom Figures 6 and 7,
showingthe slow change of P(Ebt) profilesas the HON02 is photolyzed
at successively shorter wavelengths from 280 to 235 nm.
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Figure 7. Similar to Figure 6, except the photolysis wavelength range
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Figure 9. (A) ObserveddispersedNOz* fluorescena from photolysisof
N02Cl at 280 nm. (B) Cumulative sum of the data in A.

is 250-235 nm.

intensity above 18000 cm-* and that 90% of the observed
fluorescence occurs at energies below 15 500 cm-I.
The NO2* P(Eht) distributions derived for the HONO2
photodissociations are presented in Figures 6 and 7. Figure 6
illustrates that the internal energy distributions have the same
shape with increasingly energetic threshold as the photolysis
wavelength decreases from 280 nm to 255 nm, although in each
case the majority of the population appears to be at energies
below our observationwindow. Furthermore, these P(Eh)exhibit
minimal contributions from NO2* components having energies
approaching 0. The P(Eht) contours change abruptly for
photolysis wavelengths below 255 nm, as shown in Figure 7 .The
P(Eint) associated with these photodissociations still peak at the
lowest observation energy, but they now contain an increasing
contribution from N02* components having energies near 0. It
alsocan be seen from this figure that the proportion of components
having high energies increases as the photolysis wavelength
decreases from 250 to 235 nm. The vertical cutoff of NO**
populations at the high-energy edge for wavelengths less than
241 nm suggests contributions from channels corresponding to
NO + 0 + OH products.
The systematic trends of the HON02 P(Eht) are summarized
in Figure 8. These populations are normalized to equal area, and
it is possible that the absolute magnitudes differ as a function of
photolysis wavelength. This figure reemphasizes that there are
two distinct classes of P(EinJ contours: those associated with
photolysiswavelengths between 280 and 260 nm and those in the
250-235-nm range. Note that the photolysis wavelengths in this

figure are the sameas those in Figure 5; we recommend comparing
the behavior of the cumulative sum fluorescenceintensity curves
and the associated P(Eint) contours. This comparison also
illustrates that the P(Eint) distribution is very sensitive to the
behavior of thecumulative sum fluorescenceand thus to the N02*
spectrum.
B. CIN02. The PIF signals from ClNO2 photodissociation
were 10-50 times stronger than the HONO2 PIFsignalsobtained
for the same photolysis wavelength. Examination of the absorption cross sections in Figures 1 and 3 shows that the ClNO2
cross sections are larger than the HONO2 absorptions by a factor
of 10-60, depending on the wavelength chosen for comparison.
The NO2* PIF spectrum and cumulative sum from 280-nm
ClNO2 photodissociation are shown in the upper and lower panels
of Figure 9. The energy available to the fragments after bond
rupture, 0 = hu - Do(Cl-NO2) = 23 850 cm-I, is nearly
isoenergetic to that of the HONO2 PIF spectrum illustrated in
Figure 4. The ClNO2 PIF spectrum, Figure 9a, rises much more
rapidly between 22 000 and 18 OOO cm-1 than does its HONO2
counterpart in Figure 4a. Examination of Figure 9b reveals that
10% of the ClNO2 PIF is above 15 000 cm-1; one must include
fluorescence observation energies between 8 and 17 000 cm-l to
obtain the same amount of PIF from the 248.5-nm HONO2
spectrum. Additionally, the 280-nm ClNO2 PIF spectrum
appears to have approached its fluorescence maximum at the
lower end of our observation window, while the 248.5-nm HONO2
PIF intensity is still increasing at an observation energy of 12 OOO
cm-1.
Figure 10 presents the cumulative sums from ClNO2 PIF
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Figure 10. Cumulative sums of N02Cl photolysis-inducedfluorescence
at six wavelengths between 270 and 308 nm (compare Figure 9).
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Figure 12. Similar to Figure 1 1, except the photolysis wavelength range
is 260-235 nm.
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Figure 11. Three-dimensional projection of relative internal energy
distribution (internal energy between 12 OOO and 25 OOO cm-I) of N02*
following photolysis of N02CI between 308 and 270 nm.

spectra recorded for photolysis wavelengths between 235 and
308 nm. The group of solid lined cuwes clustered on the right
side of Figure 10are those corresponding to the 235-270-nm PIF
spectra. Despite the fact that the 8 values of these photodissociations vary between 30 685 and 25 170 cm-1, the cumulative
sums are remarkably similar. This most likely reflects the
cessation of fluorescence above the NO2 predissociation limit of
25 130 cm-1. Energetic increases in the NO2* P(Eint) for 8 >
25 130 cm-1 are detected by our method only as they manifest
themselves in the N02* PIF spectrum. Therefore, we are not
sensitiveto those N02* components which have sufficient energy
to undergo secondary dissociation into NO + 0. The more
regularly spaced curves in Figure 10marked by broken lines and
occurringto the left of the densely clustered solid linesdemonstrate
how the ClNO2 PIF spectra transform with increasing photolysis
wavelength.
Figure 11displays the NO2* P(&) distributionsderived from
the 308-270-nm ClNO2 PIF spectra. The 308-, 300-, and 290nm P(Eht)values are reminiscent of the HONO2 P(Eht)values
displayed in Figures 6-8. The N02* populations are heavily
concentrated near the lowest observation energies. However,
the ClNO2N02* P(Eht)values have significant fractions of their
N02* components with energies at or near the threshold even
when the distribution maximum is near 12 OOO cm-l. The P(Eint)
contours transform into populations with an inverted appearance
as the photodissociation wavelength decreases past 280 nm. The
280- and 275-nm ClNO2 P(Eint) values continue the gradual
evolution into increasingly energetic N02* populations seen in
the 308-290-nm P(Eint). The 270-nm P(Eht) contour is evenly

N02' Internal Energy/cm-1

Figure 13. Selected internal energy distributions from Figures 11 and
12, showingthe strongchangeofP(E& profilesas theNaC1 is photolyzed
at successively shorter wavelengths from 300 to 235 nm.

distributed over all NO2* energy components, possibly suggesting
that this population would be better described by a bimodal
distribution, which our weighting functions cannot reproduce.
Figure 12shows that as the photolysis wavelength is decreased
from 260 to 235 nm the general contour of the ClNO2 NO2*
P(Eint) remains qualitatively constant. The NO2* components
appear highly inverted and are concentrated at 25 130cm-l. The
8 values associated with each of these dissociations are in excess
of the NO2 predissociation limit, so the increasingenergy available
to the photofragments manifests itself as an increasing proportion
of the NO?* components with internal energies at this threshold.
Substantial generation of C1+ NO 0 as photolysis products
is indicated by the NO2* P(Eint) at the lower wavelengths. The
energetic transformation of the ClNO2 N02* P(Eint) over our
range of photolysis wavelengths is summarized in Figure 13.
Re-examination of Figures 6-8 shows that there are no HON02
NO2* P(Eint) having the type of inverted population displayed
by the ClNO2 NO2* P(Eint), not even the 235- and 238-nm
HONO2 photodissociations which have 0 > 25 130 cm-l. The
P(Eint) distributions thus quantitatively reaffirm the qualitative
assertion that we made in comparing the 248.5-nm HONO2 and
280-nm ClNO2 PIF spectra: for isoenergetic values of available
energy, the ClNO2 N02* P(Eint) is more energetic than its
HONO2 counterpart.
The ClN02 N02* P(&) distributionsmetamorphosethrough
several distinguishable contours as 0 varies. When 0 is well
above &(N02), the resulting N02* P(Eht) peaks at &(NO2)
and decreases "exponentially" to about 20% of the peakvalue for

+
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Figure 14. Energetic thresholds for various product channels upon
HON02 photolysis at wavelengths between 280 and 235 nm.

less energetic NOz* components-see Figure 12 for the 235- to
260-nm P(Eht). When 8 is near &(NO2), the P(Eh,,)maximum
moves to energies within the observation window and is well
represented by Gaussian-like contours, as shown for the 275- and
280-nm experiments in Figure 11. The P(Eht) distributions for
8 < 23 OOO em-’, see Figure 11, have maxima which are near or
below the 12 000-cm-1 low-energy limit of the CSS analysis.
However, contrary to the HONOz NO2* P(Eht) distributions,
even the lowest 8 ClNOz P(Eht) have significant contributions
from NO2* components near 8. Figure 13summarizes the entire
range of NOz* P(&) transformations.
DiscuaPion
These experiments afford us the chance to examine the
dependence of R-NO2 photodissociation on the identity of the
R fragment. Nitryl chloride and nitric acid are ideal for this
purpose. ClNOz is an example of the simplest possible R-NO2
photodissociation since the atomic C1 fragment receives only
translational excitation during the energy partitioning process.
Nitricacid, withits diatomicOH fragment, is thesimplest example
of R-NO2 photodissociation where R has internal degrees of
freedom that can participate in energy partitioning. The R-NO2
bond dissociation energies of ClNOz and HON02, 11 866 and
16 500 cm-I respectively, enable us to prepare a series of nearly
isoenergeticdissociation events for comparison. Figure 14displays
the energeticthresholds for various dissociationchannels in HN03
photolysis.
A. HONOz. The smallabsorptioncross sections,the low NO2*
PIF intensities,and the overwhelmingconcentration of the NOz*
components at energies below 15 000 em-l indicate that the
dominant channel in near-UV HONOz photodissociation does
not correlate to electronically excited NO2 products. The ab
initio calculations of Bai and Sega19reveal that only transitions
to the llA” and 2lA” electronically excited HONOz potential
energy surfaces are possible for photon energies below 40 000
cm-l. As suggested by the curves in Figure 2, the 1‘A’ and 1l A”
surfacescorrelate toOH(2II) + N02(zA1)while the 2lA” surface
correlates to OH(2II) + NOz(2Bz). The 21A’surface, which also
correlates to OH(2II) + N02(2Bz) products, has its calculated
minimum at about 45 OOO em-’ and is thus energetically
inaccessible in any of the experiments under consideration. The
llA’ -c 1’A” and
llA’
2lA” vertical transitions are
calculated to have energies of 37000 and 45000 cm-1 and
oscillator strengths of 2 X 1 V and 4 X l e s , respectively. These
ab initio calculations also reveal that 1lA’
11A” transitions
whichaccessthefavoredpyramidalgeometriesonthe 1lA”surface
have oscillator strengths of 1 X 10-4, 50 times larger than the
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vertical transition. This result agrees with the vector correlation
measurements of August et a1.,8 who concluded that the 280-nm
HON02 photodissociation occurs via a vibronic transition that
pyramidally distorts the HONOz molecule from its planar
equilibrium configuration.
Dissocation along the 1lA” surface is consistent with the
exceptionally low internal energies seen in the N02* P(Eh,,)
distributions. We treat the apparent contradiction of electronically excited NO2 products from excitations to the 11A” surface
by noting that this transition is an n r* type localized on the
NO2 moiety and would correlate to the production of NOz*
products if the local C,,, geometry of the NO2 chromophore was
preserved in the HONO2 molecule. The HONO2 1IA’’ minimum
energy configuration has a local NO2 geometry in which RNO=
0.130 nm and $(ON01 = 108.8’; this resembles N O Z ( ~ B(RNO
~)
= 0.128 nm, 4 = 102”) rather than NOZ(~AI)
(RNO= 0.1 19 nm,
4 = 134’). However, the anisotropy of the OH group destroys
thelocal C~symmetryoftheNO2groupandreducesthemolecular
symmetry to C,. This reduced molecular symmetry manifests
itself in the ab initio calculations in the form of a symmetryinduced avoided crossing in the exit channel of the 1lA” surface:
the NOz bond angle increases by 20” and RNOdecreases by 0.008
nm in the NO2 chromophore as RHGNincreases from 0.160 to
0.200 nm along the HON02 dissociation coordinate. Nonadiabatic mixing in the exit channel could cause some reactive
trajectories to preserve the NO2* character of the bound portion
of 11A” surface and to produce the relatively low-energy NO2*
ensembles we detect via the PIF spectra. We also note that the
minimum and the barrier to dissociation along the ‘A” surface
lie 1000and 35OOcm-l, respectively,abovetheenergeticthreshold
for the production of NOZ(~BZ).
Figure 6 shows the predominance of N02* population components having internal energies below 15 000 cm-l for photodissociations when hv < 39 000 cm-’ and transitions reach only
the 11A” potential surface. The NOz* P(Eh,,)display increased
contributions from N02* componentshaving energieslarger than
15 000 em-’ as hv increases (A decreases), but the overall contour
of the P(Eint)remains the same. The lack of N02* components
having internal energies near 8 probably reflects the nature of
the avoided crossing on the 1lA” potential surface. A portion of
8 has evolved into fragment translational energy by the time the
dissociating HON02 molecule reaches the crossing region. This
energy is no longer available to those dissociation events which
change surfaces and proceed to OH + NOZ(~BZ)
products,
resulting in the observed low-energy N02* P(Ei,,).
The increase in the proportion of NOz* components having
energies greater than 15 000 cm-1 once the hv, exceeds 40 OOO
cm-1 (kx< 250 nm), as depicted in Figures 6-8, suggests that
dissociation channels correlating directly to NOz* products
provide increased contributions to these HONO2 photodissociations. The change in the NOz* P(Eht)behavior can also be seen
in Figure 15, which displays the average energy of the NOz*
ensemble as a function of hv (or 8). The sudden increase in
(,!?(NO2*)) at hv = 39 500 em-1 coincides with the observed
change in the NOz* P(Eht)contours. A cubic spline interpolation
of the potential energy surface points provided in Table IV of ref
9 shows that the 11A’ 2lA“ transition when R H ~=N0.139
nm has an energy of 39 4OOcm-I; thevertical excitation energy9
is given as 45 000cm-1. The PIF P(Eht)distributions thus imply
that the 21A” surface does not substantially influence HONO2
photodissociation dynamicsuntil single-photon excitation energies
approach 40 000cm-1, although the calculated minimum energy
for this surface is 36 600 em-1.9 This conclusion is further
supported by the sudden increase in absorption cross sections,
seen in Figure 1, beginning at 245 nm or -41 000 cm-1. Despite
the increased contributions from the 21A” surface and its more
energetic NOz* products, the substantial contribution of lowenergy N02* components implies that dissociations on the 1lA”
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surface are still important at these energies. We attribute the
lack of a NO2* population inversion in experiments where hv >
40 000 cm-1 to the influence of the 1lA” surface dissociations.
We compare the PIF N02* P(EhI) derived from 280-nm
HON02 photodissociation to the results of August et a1.* to
evaluate the performance of the PIF method versus more
conventional spectroscopic interrogations of photolysis energy
partitioning. The August study concluded that the NO2 P(E,)
is described by a Gaussian distribution with a mean of 12 590
cm-1 and a fwhm of 6570 cm-1. They determined this from LIF
measurements made on the OH fragments, which showed that
the average OH rotational excitation accounts for 5% (890 cm-l)
of 8;no vibrational excitation was detected. Fits to the Doppler
width of the OH LIF spectra demonstrated that center of mass
translational energy release accounts for 29% of the available
energy (4090 cm-’ in OH; 1510 cm-1 inferred in NO2 from linear
momentum conservation). They assumed that the NO2 fragment
retains the remaining 65% (12 590 cm-l) of the available energy
as internal excitation. August et al. also note that the OH
translational energy distribution is very broad: (ET) = 4090
cm-1; A& = 4980 cm-’. The N02* P(Eht)distribution as defined
by August is equivalent to our Gaussian weighting function if M
= 19470, cc = 12 590, and u = 2790 cm-’. We note that August
et al. have chosen to include 255 cm-l of thermal excitation in
the HONO2 parent in their energetics, whereas we include this
in the transformation of the weighting coefficients into a
population profile.
The 280-nm HONO2 PIF NO2* P(Eht) and the August NO2
P(Eint)calculated using the PIF method‘s Gaussian weighting
function and the parameters given above are illustrated in Figure
16. Both distributions have been calculated at energy intervals
correspondingto the 2-nm increment used in the PIFexperiments,
and both are normalized to account only for the population
componentsin the displayed energy region. The two distributions
are essentially in agreement. The calculated populations apparently diverge for energies below 13 000 cm-l, but we reconcile
this difference by noting that this is the portion of the observation
window in which the information content of our analysis method
approaches zero. The CSS method is insensitiveto thc differences
in the two curves below 13 000 cm-1. We also note that the
August P(Ehl)was determined from OH LIF measurementsand,
therefore, is sensitive to all NO2 fragments, while the PIF NO2*
P(Eint) was derived only from the fluorescing NO2 ensemble. The
agreement between these two P(Eh1)suggeststhat thereis minimal
difference between the NO2 P(Ein1) and the total N02* P(Eint)
at rovibronic energies above 12 000 cm-1.
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ENERGY/1000 cm-‘
Figure 16. IntemalenergydistributionsofNO~*
obtainedby twodflermt
experimental methoda upon HON02 photolysis at 280 nm. Solid curve
is given by our PIF method (compare Figure 6). Dashed curve is given
by Doppler measurements of ref 8. Available energy 9 is 19 125 cm-1.

We can also compare our NO2* P(Eht) analysis to the results
of Sinha et a1.2 who have also used LIF probing of the OH
fragment todetermine the energy partitioning in 241-nm HON02
photodissociation. These authors found that OH rotational
excitation accounts for lo00 cm-l of the 24 995 cm-1 available
to the fragments after HO-NO2 bond rupture and that there was
negligible OH vibrational excitation. The center of mass
translational energy release from this dissociation is 2600 cm-1
(&(OH) = 1900cm-l and &(N02) = 700 cm-l), as determined
from the Doppler profiles of the OH fluorescence lines. These
resultsimply that theN02fragmentretains21 500cm-’,or 85.596
of the available rovibronic excitation. The PIF P ( E ~distribution
)
has an average NO2* energy at 16 000 cm-1 and peaks at 12 195
cm-1, the minimum energy in our observation window.
While Figure 6 illustrates that there are significant contributions from the NO2* components with energies above 20 OOO
cm-I, our results suggest that the 241-nm HONO2 photodissociation is still strongly influenced by dissociations leading to NO2
products with minimal rovibronic excitation or to highly rovibrationally excited 2AI NO2 products. The lower energy PIF
P(Eht) distribution reflects a broader and slightly faster translational energy distribution than the one inferred by Sinha et a17
from their Doppler profile measurements. All of these results
and the41 495-cm-1 photonenergyareconsistent witha transition
involving contributions from both the I1A” and 2IA” surfaces.
The increased translational energy release observed by Sinha et
al. for the energetically equivalent VMP experiment (&(OH)
+&(N02) = 4690 cm-l) would thus be explained by a preferential
excitation to the lower 11A” surface in thevibrationally mediated
excitation.
B. cLN02. The ClN02 absorption spectrum, Figure 3, displays
simple behavior between 230 and 3 10nm, the range of photolysis
wavelengths employed in the PIF experiments. The absorption
cross section increases slowly from 1.25 X 10-19 cm2 molecule-1
at 310 nm to 3.72 X 10-19 cm2 molecule-l at 270 nm; it then
climbs rapidly, reaching a value of 2.5 X 10-18 cm2 molecule-1
at 230 nm.loJ1 The spectrum clearly shows that there are at least
two potential energy surfaces contributing to absorption in the
region where we have conducted ClNO2 photodissociation
experiments. The lower surface produces nearly constant absorption cross sections and has its local maximum near 30 OOO
cm-1 (330 nm). The upper surface dominates the absorption
spectrum for excitation energies above 37 OOO cm-I (270 nm)
and has its maximum at 45450 cm-l (220 nm).1b12 It is
interesting to note that for both ClNO2 and HONO2 the onset
of intense absorption features occurs at energies corresponding
to the threshold for secondary dissociation of the NO2 fragment,
hv,, Do(R-NO2) + Do(NO2).
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Figure 17. Energetic thresholds for various product channelsupon N02C1 photolysis at wavelengths between 308 and 235 nm.

There are no accurate ab initio calculations describing the
potential surfaces or transition energies for ClN02 excited
electronicconfigurations,so we are forced to interpret our results
by analogy to the isovalent HON02 molecule. While this may
be qualitatively correct, the strong electronegativity of the C1
atom, as well as its increased number of core electrons and
882-cm-1 spin-orbit splitting, should alter the energies and
behavior of the ClNO2 potential energy surfaces relative to their
HONO2 analogs. Additionally, C1N02 possesses molecular C
,
symmetry while the planar HONOz molecule belongs to the C,
point group, although the NO2 chromophore in nitric acid retains
local C, character. It is the reduction from C, to C, symmetry
in HONO2 that forces the avoided crossing in the exit channel
and causes the 1IA" surface to correlate to OH(211)+ N02(2A1)
rather than the OH(211)+ N O Z ( ~ Bproducts
~)
expected from the
nature of the n r* electron promotion localized on the NO2
chromophore. ClNO2will not be subject to such avoided crossings
as long as its electronically excited potential energy surfacesretain
the C, symmetry found in the electronic ground state.
On the basis of Bai and Segal's ab initio study of the HONO2
potential surfaces9 and keeping the above caveats in mind, we
expect and observe10Jl three electronic transitions in the ClN02
UV absorption spectrum. All three transitions correlate to the
production of electronically excited NO2 products and are the
result of electron promotion in molecular orbitals localized on
the NO2 chromophore. The two low-energy n r* transitions
with maxima at 30 000 and 37 000 cm-1 should have transition
dipole moments of a2 and bl symmetry, respectively. We assign
an a2 symmetry to the 30000-cm-I band since its smaller
absorption cross sections are consistent with a forbidden electric
dipole transition. The 37 000-cm-1 band is therefore assigned as
an electric dipole allowed bl transition. The third transition
corresponds to the r
A* promotion, which creates the very
intense absorption feature centered near 51000 cm-' that is
characteristic of R-NO2 molecules. We expect this transition to
have an a1 transition dipole moment, although the HONO2 ab
initio calculationsalso show contributionsfrom a transition dipole
moment having b2 symmetry. Thus, analogy with the HONO2
potential energy surfaces suggests that ClNOz will exhibit az and
bl transition photoexcitations between 30 000 and 42 000 cm-I
and that both excitations correlate to electronically excited NO2
products.
Figure 17 displays the energetic thresholds for various dissociation channels in ClNO2 photolysis. Note that the photon
energies required to access electronically excited NO2 products
are -4500 cm-1 lower for ClN02 than for HONOz due to the
weaker CI-NO2 bond dissociation energy. This figure also shows
that all four NO2 electronic states are energetically accessible
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Figure 18. Average internal energy of NO2* and most probable internal
energy (taken from the P(Ebt) profila of Figures 11 and 12) produced
by NOzCl photolysis as a function by theavailableenergy8,thedifferena
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even for the lowest hv,. Secondary dissociation of the NO2
fragment becomes possible for hv, > 36 995 cm-1 (270 nm).
The NO2* P(Eint)distributions derived from the ClNOz PIF
experiments indicate that the N02* ensembles created in these
photodissociations are far more energetic than their HONOz
counterparts, as shown in Figures 11 and 12. The disparity is
most noticeable for the ClNOz photodissociations having hv, <
35 000 cm-l corresponding to 8 < 23 135 cm-1. The ClNO2
NO2* P(Eht) also have a majority of their N02* components
concentrated at energies below 17 000 cm-I, but unlike the
HONOl P(EhI)the ClNO2 distributions have substantialfractions
of their populations represented by NOz* components with internal
energies within 3000 cm-l of 8. HONOz photodissociations
produced this type of NO2* P(EhI)only when the excitation
energies exceeded 39 OOOcm-1 where both 1'A" and 21A" potential
surfaces are involved in the transition. We conclude from this
comparison that the ClN02 N02* P(EhI)for hv, < 35 000 cm-l
reflect contributions from the ClNO2 llAz potential surface,
correlating directly to electronically excited NO2 products and
from some other products channel which correlates to a less
energetic NO2* state or X(2A1) N02. The 11A2surface must
undergo at least two such intersections along the dissociation
coordinate since it is the lowest energy transition in ClNO2 but
correlates to (2A2)N02: the potential surfacescorrelatingto (?B2)
and (2BJ N02cannotbereached withoutlarger excitationenergies,
yet Figure 17 shows that they have lower asymptotic energies.
Figure 12 illustrates that when hv, > 38 500 cm-1 (260 nm)
the NOz* P(Eint)from ClNO2 photodissociation become completely inverted: the distribution peaks at 25 130 cm-'-the
maximum possible energy-and the NO2* population decreases
"exponentially" to lower energies. These P(Ein1) are produced
by transitions which are increasingly dominated by the 'BI
absorption feature. The NO2* P(Eint)produced for 35 000cm-l
Ihv,, I38 5OOcm-l exhibit the transition between dissociations
dominated by the 'A2 surface and the IB1 surface. These P(EhI)
contours have the inversion characteristicof the 'B1 dissociations,
but their maxima are located within our observationwindow rather
than at the upper limit of the PIF analysis energies. The lower
portion of this transition range is slightly below the abrupt
37 000-cm-1 onset of the 1B1 absorption feature, indicating that
the low-energy tail of this feature probably extends to -35 000
cm-1 and is obscured by the 'A2 band.
The NO2* P(Eint)contour transition is graphically described
by the curves in Figure 18. The solid line shows the maximum
of the P(EinI)as a function of hv,. For hv, , 35 000 cm-I, the
NOz* populations all peak at the lowest PIF energy. As hv,
increases from 35 000to 38 000 cm-', the P(Ei.1) maxima climb
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detection in a supersonically cooled molecular beam. The TOF
P(&) mirrors the NOz* P(Ei,,) if one makes the transformation
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Figure 19. IntemalenergydistributionsofNOz*obtained by twodifferent
experimental methods upon NOzCl photolysis at 308 nm. Dashed curve
is given by our PIF method obtained at low pressure in a bulb at mom
temperature (compare Figure 6). Solid curve is obtained in a lowtemperature molecular beam by time-of-flight and mass spectrometry
(ref 14).
until they have reached the highest PIFenergy, 25 130cm-l. For
hv, > 38 OOO cm-1, the populations all peak at 25 130 cm-'. The
broken line represents the average energy of the NO2* ensemble,
(E(N02*)), as a function of hu,. This function increases with
hv,, until -38 OOO cm-1, where it levels off. The leveling off of
(E(N02*)) parallels that of the population maximum function;
these are manifestations of the boundary conditions of the PIF
analysis method rather than the actual behavior of the total N02*
P(Eht).
Covinskylshas determined the P(Ei.,) distributions for 248.5and 308-nm ClNO2photodissociationusing time-of-flight (TOF)

A
245nmHON02

.

,'-,
1

,

~

Ei,,(NOZ) hv,, - Do(Cl-NOJ - E ,
Comparisons between TOF and PIF NOz* P(Eht) for 308-nm
ClN02 photodissociation are not complicated by the possibility
of secondary dissociation of the NO2 fragment since 8 = 20 600
cm-1. However, Figure 19 shows that there are significant
differencesbetween the TOF and PIF distributions. Sisk13found
a substantially different PIF P(Ert)at 248 nm between photolysis
in his pulsed low-temperature molecular beam and in a roomtemperature flow tube experiment with apparatus similar to that
used in these experiments. At 248 nm, Sisk obtained fairly good
agreement between the PIF P(Eht)obtained in his beam and that
inferred from Covinskys' TOF P(Eht). The most likely reason
for the observed differences in the beam and flow tube PIF
populations concerns the preparation of the initial ClNOz states.
The TOF experiments are characterized by the population of
only a few rotational states and effective temperatures of about
10K, the 295 K temperature of the flowcell experimentspopulates
many ClNOz rotational states. This is especially important given
the low ClNO2 rotational constants: A = 8.0023, B = 0.4337,
and C = 0.4104 cm-l. The photodissociation must conserve
angular momentum; therefore, the molecular beam experiments
necessarily measure a more restricted set of photodissociation
channels due to the fewer values of Jinvolved in the initial ClN02
ensemble. The ambient temperature photodissociations access
a wider range of angular momentum states bccause the initial
ClNO2 ensemblesin these experimentspopulatestates with much
larger J values. The question of initial ensemble preparation
becomes more important if the state-specific photodissociation
crosssectionshave a large dependenceon the Jvalueof the original
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Figure 20. (A)N02* internal energy distribution for photolysis of N02Cl at 275 nm and photolysis of HONOz at 245 nm. The available energy 8
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290 nm NOzCI, 255 nm HONOz, and 8 = 22 650 cm-'. (D) Same as part A, except 300 nm NOzCl, 265 nm HONOz, and 8 = 21 350 cm-1.

Wavelength Photodissociation of ClNO2 and HONOz
ClNO2 eigenstate. We plan a future article exploringall available
comparisons between internal energy determinations by roomtemperature flow systems and low-temperaturemolecular beams.
C. HONOz and ClNO2 Photodissociations with Equivalent
Available Energy 8. The NO, group is responsible for such a
great deal of the photodissociationdynamicsof R-NO2 molecules
that we investigated the dependenceof NO2* P(Eht) on 8,where
8 = hv - Do(R-NO2). The transitions excited in these photodissociations are invariably localized on the NO2 chromophore,
sowe thought that the R group influenced the energy partitioning
in R-NO2 photolysis based on its ability to acquire internal
excitation from the highly energized NO2 chromophore during
the rapid R-N bond rupture. We chose to compare ClNO2 and
HONO2 because they are isovalent and the C1 and OH groups
undergo minimal change between their R-NO2 and unbound
geometries, making the energy partitioning predominantly dependent on the mechanical properties of the R group. Figure
20A-D shows the comparisons of the HONO2 and ClNO2 NO**
P(Eht) for 8 values ranging between 20 000 and 25 000 cm-1.
However, as has been presented above, it appears that the R
group exerts a more subtle influence on the energy partitioning.
This influence is manifested through the symmetry constraints
it imposes on the molecule rather than how it may participate in
intramolecular energy redistribution. In ClNOz, the spherically
symmetric C1 atom lies along the NO2 C2 axis and leaves the
local CZ,symmetry of the NO2 chromophore intact. The HONO2 bond in nitric acid also lies along the NO2 C2 axis, but the
molecular symmetry of HONO2 is reduced to C, due to the
anisotropy induced by a nonlinear HON bond angle. The total
molecular symmetry of the model governs the symmetries of the
excited potential surfaces, the interactions which these surfaces
undergo (crossings or avoided crossings), and the products to
which these excited potential surfaces correlate. The specific
characteristics of each R group also determine the excitation
energies and ordering of these potential surfaces. Therefore,
Figure 20A-D displays the relative NOz* P(EinJ of NOz*
ensembles born with nearly equivalent available energies, but
these ensembles are created on potential surfaces which generally
do not lead to NO2 products in the same electronic state. To best
evaluate how the R group’s mechanical properties influence the
NO2*P(Eint),we should compare photodissociations which have
equivalent 8 and occur on surfaces correlating to the same NO2
products.
Conclusions
Variable-wavelengthphotodissociationof HONO2 and ClNOz
illustratesthe impact of the R group on internal energy distribution
of the NO2 fragment. The result is not based on the mechanical
properties of the R group, such as the presence or absence of
internal degreesof freedomto participate in the energypartitioning
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during dissociation, but on how the R group influences the total
symmetry of the R-NO2 molecule. ClNO2 retains the NO2
chromophore’slocal CZ,symmetry due to the spherical symmetry
of the C1 atom; this generates excited electronic potential energy
surfaces which correlate to electronically excited NO2 and lead
to inverted N02* P(&) distributions. In contrast, the reduced
C, symmetry of HONO2 creates an avoided crossing in the exit
channel of the first electronicallyexcited potential surface, 11A”,
which forces it to correlate with N02(?Al) rather than N O Z ( ~ B ~ )
products. The photoexcitation energies used in this study favor
HONO2 transitionsto the 1lA”surface and result in N02* P(&)
that are highlyconcentrated at Eht < 15 OOOcm-l. TheHONOl
N02* P(Eht) exhibit increased contributions from NO?* componentsnearewhen thehv,exceeds39 OOOcm-landdissociations
on the 2lA” surface, correlating directly to N02(2B2), become
accessible.
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